Voltage-gated L-type (Cav1.2 and Cav1.3) channels are widely expressed in cardiovascular tissues and represent the critical drug-target for the treatment of several cardiovascular diseases. The two isoforms are also abundantly expressed in neuronal and neuroendocrine tissues. In the brain, Cav1.2 and Cav1.3 channels control synaptic plasticity, somatic activity, neuronal differentiation and brain aging. In neuroendocrine cells, they are involved in the genesis of action potential generation, bursting activity and hormone secretion.
Introduction
Voltage-gated L-type Ca 2+ channels are widely expressed in many tissues and control a number of Ca 2+ -dependent responses in electrically excitable cells. They include several subtypes containing the pore-forming ␣ 1S , ␣ 1C , ␣ 1D and ␣ 1F subunits (Cav1.1, Cav1.2, Cav1.3 and Cav1.4) with different structure-function characteristics but common blockers: dihydropyridines (DHPs), phenylalkylamines, benzothiazepines [1] . Members of the L-type channel family activate upon membrane depolarization and represent one of the central pathways by which intracellular Ca 2+ can be raised in neuronal and neuroendocrine cells [2, 3] . Elevation of intracellular Ca 2+ represents the triggering event of hormone secretion and cell differentiation [4, 5] , and thus the right characterization of L-type channels functioning and their modulation helps understanding 0143-4160/$ -see front matter © 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.ceca. 2007 . 04 . 015 key issues of neuroendocrine cells activity and neuronal functioning.
L-type channels possess several properties that are important for the control of neuroendocrine cell activity. The first is their high density of expression and main role in the control of hormone secretion in a variety of cells. L-type channels have indeed wide control of insulin release in pancreatic ␤-cells [6, 7] , pituitary glands [8] and catecholamine in a number of chromaffin cell species [9] [10] [11] . In addition to this, their density can be either up-or down-regulated by various stimuli, including: hypoxia [12] , growth factors [13] , hormones [14] and neurotransmitters [15] . The second property of L-type channels is that their gating can be effectively inhibited or potentiated by neurotransmitters coupled to membrane receptors (see [16, 17] for reviews). Among the many modulatory pathways, two appear of particular interest for neuroendocrine cells because of their autocrine nature: the membrane-delimited G proteindependent inhibition and the remote cAMP/PKA-mediated potentiation [16, 17] . In chromaffin cells, both pathways are activated by autoreleased neurotransmitter molecules and produce opposing effects of comparable entity [18] . A third property of L-type channels of particular interest is their low-threshold of activation with respect to the other high-threshold channels (N, P/Q, R), which is remarkably low for the Cav1.3 isoform [19] , conferring to it the ability of pace-making cells [20] . This is true also in chromaffin cells that express both Cav1.2 and Cav1.3 [21] [22] [23] [24] and, thus, an open question is how much the two channels contribute to the genesis of action potential firings and how much the different gating modulations induced by membrane receptors reflect a different action on these two channel types. A final interesting point worth being underlined is the tight coupling between Ca 2+ -activated K + channels and L-type Ca 2+ channels [25, 26] , which condition the shaping of action potential and the frequency of action potential firing. Strict co-localization of BK and L-type channels as postulated for the rat chromaffin cells (RCCs) implies a further direct control of L-type channels on Ca 2+ influx through other voltage-gated Ca 2+ channels.
In our view these peculiar properties of L-type channels are so strategic for the activity of chromaffin cells that their full understanding will help solving critical issues concerning the physiology and pharmacology of catecholamine release during extreme electrical stimulation of the adrenal gland, as it occurs during basal or stressful body conditions. This review aims at clarifying some of the peculiarities that Ltype channels possess and that are linked to the regulation of intracellular Ca 2+ required for triggering vesicle exocytosis and catecholamine release. The recent observations that Ca 2+ entry through voltage-gated Ca 2+ channels can be tightly linked to the mitochondria and endoplasmic reticulum Ca 2+ buffering system [27, 28] may be one of the new arguments that we have to face in the near future (see [11] for e review).
The direct and remote L-type channel modulation in RCCs
L-type channel modulation is largely heterogeneous and covers a broad spectrum of molecular mechanisms. A major subdivision should include the signaling pathways that are either voltage-dependent or voltage-independent. Among the first class should be mentioned: (1) the voltagedependent facilitation producing L-type current increases following strong and long lasting pre-pulses described in cardiac, neuronal and neuroendocrine cells [29] [30] [31] and, (2) the voltage-dependent and cAMP-mediated phosphorylation, capable of facilitating the L-type channel expressed in skeletal muscle, neuronal and neuroendocrine cells by a fast phosphorylation reaction favored by strong depolarizations [32] [33] [34] and by the close proximity of PKA to the channel [35] . Both modulatory pathways have been described in past review articles [16, 17] . Here, we will focus on the voltage-independent forms of neuroendocrine L-type channel modulation that include the direct inhibition of L-type channels by G protein-coupled receptors (GPCRs) and the cAMP-mediated potentiation that have autocrine origins and can be back regulated by the material released during secretion.
Direct inhibition of L-type channels by G proteins
Neuronal and neuroendocrine L-type channels are effectively inhibited by neurotransmitters through GPCRmediated pathways. In most cases the inhibition is V-independent but there are examples in which the neurotransmitter has no action [36] [37] [38] or the inhibition is even V-dependent, resembling that of N-and P/Q-type channels (see [11] ). The depression causes 20-60% inhibition of the current and there is no delay of L-type channel activation [15, 18, 39, 40] . In Table 1 of ref [23] are listed a number of papers showing evidence for a V-independent GPCR-mediated inhibition of L-type Ca 2+ currents in neurons and neuroendocrine cells to which should be added the recently reported effect of muscarinic agonists on sympathetic neurons [41] . This latter further broaden the number of cell preparations in which the inhibition of L-type channels occurs: sensory, peripheral and central neurons, as well as ␤-pancreatic, chromaffin, adrenal glomerulosa and pituitary cells.
In the chromaffin cells of adrenal medulla, the neurotransmitter-mediated inhibition of L-type channels is fast and mainly V-independent. The process is triggered by the same neurotransmitters released by the chromaffin granules (ATP, opioids and catecholamines) and produces a scaling down of the current amplitude [15] . The action is visible at the macroscopic and microscopic current levels [40] and is mimicked by ATP, /␦-opioid agonists (DAMGO and DPDPE), adrenaline (A) and noradrenaline (NA) when applied directly on RCCs pre-treated with -CTx-GVIA and -Aga-IVA to block N-and P/Q-currents (exogenous inhi-bition). It is interesting to notice that in bovine chromaffin cells (BCCs) and RCCs [15, 39] the L-type current changes its amplitude depending on the flow conditions of cell perfusion. In "stop-flow" conditions the current is about half of the size recorded during rapid flow in which the secreted material is quickly cleared off. Facilitatory pre-pulse to +100 mV are ineffective in recovering part of the depression, indicating that L-type channel inhibition by neurotransmitters is autocrine and acts as negative feedback to control Ca 2+ fluxes and neurotransmitter release in secretory cells (endogenous inhibition).
An important issue concerning the V-independent autocrine inhibition of L-type channels is whether the mechanism requires a diffusible second messenger or is direct (membrane-delimited) on the target channel. A direct action of G i,o proteins on L-type channels is already suggested by the fast onset (τ on 0.75 s) and offset (τ off 3 s) of the inhibition during rapid application and withdrawal of neurotransmitters to RCCs [15] . However, the most convincing evidence for a direct action comes from single channel studies in which the G i,o protein-dependent inhibition of L-type channels is shown to be autocrine and fully defined in cell-attached micropatches [40, 42] .
Remote potentiation of L-type channels by the cAMP/PKA pathway
Cav1.2 channel activity can be effectively potentiated by ␤-adrenergic stimulation, direct adenylate cyclase activation or application of membrane diffusable forms of cAMP and is not confined to cardiac tissues [43] [44] [45] . Effective cAMP/PKA-mediated phosphorylations leading to an increased L-type current have been reported also in central neurons [46] , mouse pancreatic ␤-cells [47, 48] , BCCs [40] and RCCs [18] . In BCCs, application of cAMP causes a markedly increased probability of opening which results in an increased L-type channel activity mainly due to a decrease of channel closed times and number of null sweeps rather than an increase of mean open times [40] . The cAMPmediated potentiation is prevented by the PKA selective inhibitor H89 and proceeds regardless of the presence of the G i,o protein-mediated inhibition. In RCCs the cAMP/PKAinduced potentiation of L-type channels is mediated by ␤ 1 -adrenergic receptors (␤ 1 -ARs), which increase the Ca 2+ current amplitudes and catecholamine release in an autocrine mode. ␤ 1 -ARs stimulation in RCCs [17, 18] possesses all the features of the remote action induced by the cAMP/PKA signaling pathway of cardiac cells: (1) is mediated by isoprenaline and blocked by propranolol, (2) is prevented by PKA selective inhibitors and selective for L-type channels, (3) requires several minutes to reach maximal effects, (4) is voltage-independent and can be induced in cell-attached patch recordings by applying isoprenaline outside the patchpipette (see [17] ). The presence of a cAMP/PKA-mediated pathway modulating the L-type channels of chromaffin cells represents a unique example of positive feedback signaling involved in the autocontrol of neurotransmitter release.
Unique is also the existence of two distinct ␤ 1 -and ␤ 2 -AR activated signaling pathways in RCCs: one inhibiting and one potentiating the L-type channel gating [18] . The ␤ 1 -AR cascade acts by selectively up-regulating the L-type channel through a PKA-mediated pathway and develops slowly due to its diffusive characteristics. On the contrary, the ␤ 2 -AR signaling is fast and primarily coupled to PTX-sensitive G proteins. Fig. 1a and b illustrated the experimental evidence supporting this interpretation. The sequential application of zinterol (a ␤ 2 -AR selective agonist) and isoprenaline (an unselective ␤ 1 /␤ 2 -AR agonist) (Fig. 1A) nicely mimics the effects of isoprenaline alone (Fig. 1b) , indicating that preliminary activation of ␤ 2 -ARs produces an inhibitory effect followed by a slow potentiation mediated by ␤ 1 -ARs. It is interesting to notice that the action of ␤ 2 -AR differs from that of ␤ 1 -AR mainly in the mode of action (Fig. 1c) . ␤ 2 -ARs appear co-localized with G proteins, adenylate cyclase, PKA-anchoring proteins and phosphatases, ensuring rapid activation or deactivation of specific signaling pathways (direct action) [49, 50] . On the contrary, ␤ 1 -ARs stimulation preserves most of the prerequisites of ␤ 1 -AR stimulation of L-type channels in ventricular myocytes: it involves diffusible second messengers (cAMP and PKA), which phosphorylate the L-type Ca 2+ channel (remote action).
Two functionally active L-type channels in chromaffin cells?
The schematic model of Fig. 1C assumes arbitrarily that the two opposing mechanisms mediated by ␤ 1 and ␤ 2 -ARs converge on the same L-type channel but the alternative possibility that the two pathways target two distinct L-type channel isoforms cannot be excluded. RCCs and BCCs, are shown to express Cav1.2 and Cav1.3 channels [22] [23] [24] and thus the possibility that the direct inhibition by ␤ 2 -AR acts on Cav1.3 and the remote potentiation mediated by ␤ 1 -AR targets Cav1.2 ( Fig. 1D ) is an interesting possibility that needs to be verified. Indeed, the co-existence of two L-type channel isoforms in chromaffin cells, as shown in cardiac tissues, smooth muscles, ␤-pancreatic cells and sensory neurons (see [51] ), raises three interesting questions concerning the role that the two channel isoforms play in the control of Ca 2+ -dependent processes in neuroendocrine cells. Do Cav1.2 and Cav1.3 control different cell functions? Could the modulation of Cav1.2 and Cav1.3 play a critical role in the up-or down-regulation of specific cellular functions? If so, can we obtain general molecular and biophysical information about these two channel types that can be used to understand their role in neurological and cardiovascular pathologies?
An answer to these questions would be easy if selective blockers for the two channel types would be available, but this is not the case. There are in fact no selective agonist or antagonists for the two channels available at the moment. Thus, the only reasonable alternative is an indirect approach using knockout mice for Cav1.2 and Cav1.3 channels [52, 53] or mutated mice with inborn insensitivity to DHPs (Cav1.2DHP −/− ) [54] , which can furnish indirect information about the functional properties of KO or mutated channels. Comparing cell functions from wild type, KO or mutated mice can furnish precious information on the specific role that each channel isoform plays in a cell or groups of cells. Following this approach it has been possible to identify a critical role for Cav1.3 channels in heart beating [20] and in sensory transduction in cochlear hair cells [53] but also to exclude the contribution of Cav1.3 to insulin secretion in pancreatic ␤-cell [54] .
Another useful approach which has furnished precious information about the two channel isoforms come from in vitro reconstituted cell functions using c-DNA recombinant channels co-expressed with ␤ and ␣ 2 ␦ 1 subunits [55, 56] . From these studies it has become clear the sharply different voltage-range of activation between the two channel isoforms and other major gating differences. Briefly, the Cav1.3 isoform: (1) activates at −20 mV more negative potentials than the Cav1.2 type, (2) is characterized by fast activation kinetics and (3) is less sensitive to DHPs. It requires higher doses of DHPs to be fully blocked [56] . All this indicate that the Cav1.3 channel is a channel suitable for carrying inward currents during prolonged pace-making phases and in all cases to control Ca 2+ entry at potentials close to resting. While the Cav1.2 isoform, which activates at more positive potentials, may be more appropriate for controlling Ca 2+ entry during the early phase of action potential depolarization or during the falling phase of the action potentials.
Evidence for a "low-threshold" L-type channel controlling RCCs excitability
Cultured RCCs express both Cav1.2 and Cav1.3 isoforms but a selective separation of their biophysical properties has not yet been possible. There are however some clear indications that either one or both channels play a critical role in cell excitability, action potential firing and catecholamine secretion. The first evidence is illustrated in Fig. 2 and is related to the capability of L-type currents to activate at relatively low voltages (−60 to −40 mV) and contribute up to 10% of the total Ca 2+ current at these voltages (gray area in Fig. 2 ). For cells carrying on average 150 pA at 0 mV this implies that near resting potentials (−54 mV) the L-type channels carry about 15 pA of inward current that is capable of producing approximately 15-30 mV depolarization when multiplied by the high input resistance of RCCs (1-2 G ; Marcantoni et al. unpublished observation). Considering that L-type channels are slowly inactivating channels at physiological Ca 2+ concentration (2 mM), the sustained L-type current would be able to charge the membrane capacitance and initiate the opening of Na + and Ca 2+ channels with activation threshold at −35 mV. All this is in good agreement with the observation that L-type channels activate at potentials more negative than other neuronal and neuroendocrine HVA channels [57] and that part of the I-V characteristics could result from the contribution of Cav1.3 channels that activate at potentials very negative [19, 56] and comparable to T-type channels. Reconstituted and wild-type Cav1.3 channels display activity that starts from very negative voltages and are involved in pace-making seno-atrial node cells [20] and controlling neu- rotransmitter release in cochlear inner and outer hair cells [53, 58] .
The second interesting evidence related to L-type channels in RCCs is their tight coupling to Ca 2+ -dependent BK channels that are highly expressed in BCCs and RCCs [25, 59] . BK channels are responsible for the fast termination of action potential (after hyperpolarization) in these cells and force the action potential to quickly repolarize to about −70 mV, thus allowing the fast deactivation and partial recruitment of inactivating Na + and Ca 2+ channels that are responsible for the subsequent fast depolarization phase of the action potential. The BK channels of chromaffin cells have however a second interesting property. They possess a relatively fast and complete inactivation, which distinguishes them from the slow inactivating BK channels expressed in most other cells [60, 61] . Fig. 3a shows a typical time course of BK and voltagegated K + currents recorded during prolonged voltage-clamp depolarizations to +80 mV, as they appear during a double pulse protocol normally used to separate them. In one case (no prepulse) the K + outward current is small, fast activating and hardly inactivating during the entire length of the pulse (400 ms; red trace in Fig. 3a) . Since little or no Ca 2+ ions enter under these conditions, the recorded K + currents are mainly voltage-gated. In the second case (with the short prepulse to 0 mV) the outward current is nearly three to four times larger and fast inactivating. Ca 2+ enters during the short prepulse and all the extra K + outward current recruited by the prepulse is thus associated to BK channels. They are blocked by saturating concentrations of Cd 2+ (panel b) and by 1 M paxilline (panel c) that is a selective blocker of BK channels [62] . In addition, 3 M nifedipine produces a dramatic block of BK currents (panel d), confirming the findings of Chris Lingle and collaborators that BK currents are tightly coupled to L-type channels.
L-type channels control the firing frequency of spontaneously active RCCs
BK currents play a crucial role in shaping the action potential repolarization phase and tuning the recruitment of Na + and Ca 2+ channels that are responsible for the subsequent slow depolarization phase of spontaneously firing cells [25, 60] . It is thus reasonable to believe that the tight coupling of L-type to BK channels is likely involved in the control of pace-maker activity in RCCs. Since RCCs express L-type channels that are already open at resting potentials (10% at −50 mV in 2 mM Ca 2+ ) (Fig. 2) , it is evident that L-type channels can play the dual role of controlling the action potential shape by acting on BK channels and contribute to the pace-maker current that controls the firing frequency during spontaneous activity by opening at relatively low voltages. Fig. 4a shows an example of spontaneous activity recorded from a RCC in which L-type channels exert a marked effect on cell firing. Action potentials are recorded in current-clamp conditions using the perforated-patch configuration (see [63] ). As shown, the cell is spontaneously active around a mean resting potential of −50 mV and fires regularly at a frequency of 1.3 impulses/s, which is slightly slower than the mean frequency of these cells (1.9 impulses/s, n = 35 cells; Marcantoni et al., unpublished results). The action potentials are characterized by a slow depolarizing phase that precedes the fast depolarization that leads to the maximal overshoot of about +40 mV (mean overshoot +61.5 mV; n = 35 cells) and then to the slower repolarizing phase to In order to inhibit sodium current the external Tyrode standard solution contained 300 nM of TTX. In panel a, the voltage command consisted of a double pulse protocol in which the test potential of 400 ms to +80 mV was preceded or not by a short prepulse of 10 ms to 0 mV to activate maximal inward Ca 2+ currents that are not visible due to the extremely fast BK channel activation. The two pulses were separated by a 10 s interval. Notice the small noninactivating K + current recorded in the absence of prepulse (red trace) and the large fast inactivating outward current activated by Ca 2+ entering during the prepulse (dark trace). In panels b-d the voltage command consisted of a single pulse (10 ms prepulse to 0 mV followed by a 400 ms test pulse to +80 mV) delivered in control conditions (dark traces) and in the presence of 500 M Cd 2+ (b), 1 M paxilline (c) and 3 M nifedipine (d) (red traces). Notice how in all three conditions the BK current activated by the prepulse is strongly depressed by the three compounds.
−64 mV (mean undershoot −63.5 mV; n = 35 cells). Addition of 1 M nifedipine causes nearly no changes to the rapid phase of depolarization but a net prolongation of action potential duration (between 1 and 10 times the mean duration at −20 mV, n = 8 cells) and the disappearance of the undershoot (red trace in panel b). This is exactly what would be expected if the BK channels coupled to L-type channels were no longer open. Besides affecting the shape of action potential, nifedipine clearly slows down the firing frequency (from 1.3 to 0.5 impulses/s) with a further decrement to 0.3 impulses/s at 3 M concentration. In some cases high doses of nifedipine caused even a temporary block of action potential firing which partially recovered after wash out.
An interesting question related to the role that various Ca 2+ channels play in the control of action potential generation in chromaffin cells is whether the autorythmicity of action potential firings observed in various cells occurs spontaneously [64, 65] or is the result of the current-clamp in whole-cell or perforated-patch recording conditions in which some uncontrolled inward current could drive the cell into a firing mode. To check this issue and test whether cultured RCCs possess an intrinsic firing activity at rest we recorded their electrical activity using an array of 60 metallic microelectrodes (MEA) connected to large bandwidth low-noise amplifiers designed for recording extracellular action potentials at high time resolution. Fig. 5a illustrates how microelectrodes are experimentally interfaced with the cells while panels 5b and 5c show spontaneous extracellular recordings from different chromaffin cells. It is evident the autorhythmic activity that occurs in physiological condition, without any cell manipulation. Extracellular action potentials appear as fast downward deflections representing the negative first derivative of intracellularly recorded action potentials [66, 67] . As shown, action potential firing occurs in bursts followed by brief interruptions as measured intracellularly using glass microelectrodes in the perforated-patch mode. To prove that Ca 2+ channels activity was fully preserved under these conditions we blocked reversibly the firing by either removing the extracellular Ca 2+ (replaced by 2 mM Mg 2+ ) (Fig. 5b) or adding 500 M Cd 2+ (Fig. 5c ). Action potential activity was also blocked by adding 3 M TTX (not shown), while the firing frequency increased significantly by adding the nicotinic ACh analog acetyl-beta-methylcholine (100 M), as observed in previous recordings [68] . Under these conditions we also tested whether the modulatory action of nifedipine illustrated in Fig. 4 was preserved in intact autorythmic chromaffin cells. Panel 5d shows that indeed this is the case. Three micromolars of nifedipine produced a slowing-down of action potential firing and removed the fast repolarizing phase (upward deflection of control trace) associated with the block of BK channels coupled to L-type channels. To our knowledge those illustrated in Fig. 5 are the first reported extracellular action potential recordings using MEAs in chromaffin cells.
The results of Figs. 4 and 5 are in good agreement with the idea that L-type channels activating at relatively low voltages can indeed control the amount of inward current required for driving the cell from resting potential (∼−50 mV) to the threshold of Na + and Ca 2+ channel opening which is set around −35 mV in 2 mM Ca 2+ . Notice that to induce a 15 mV depolarization in a resting chromaffin cell with an access resistance of 1.5-2 G are necessary only 7.5-10 pA that can be easily obtained for prolonged periods of time by the open L-type channels expressed in RCCs. In fact these channels possess two important features to the purpose: (1) they activate at relatively low-voltages (gray area in Fig. 2 ) and inactivate very little at low holding potentials (−40, −50 mV), ensuring their availability for prolonged periods of times at low voltages. The results of Fig. 4 reinforce the idea that the L-type (in particular the Cav1.3 isoform) are the Ca 2+ channels that are potentially able to control the firing rate of neurons and cardiac cells because of their lowthreshold of activation [20, 69, 70] . Future experiments using action potential-clamps and specific pharmacological dissections of inward and outward currents contributing to the shape of action potentials will allow to determine more precisely the role and contribution of L-type channels to the electrically activity of chromaffin cells. It is also evident that such task is crucial for accurately understanding the role of L-type channels in the regulation of catecholamine release at different physiological conditions.
L-type channels and fast exocytosis in chromaffin cells
As discussed in recent reviews [11, 23, 71, 72] chromaffin cells express different densities of high-voltage and lowvoltage-activated Ca 2+ channels. Their coexistence at the plasma membrane raises the question of whether all these channel types participate to the control of exocytosis and how their density of expression and gating properties affect their contribution. In addition, the proportion of various Ca 2+ channels varies widely between animal species and, thus, catecholamine secretion is controlled differently, depending on the Ca 2+ channel types more highly expressed. Concerning the role that L-type channels play in the control of exocytosis there is wide consensus to the idea that they are critically linked to secretion in all animal species, even in the bovine cells in which L-type channels are minimally expressed [73, 74] . So far, L-type channels are shown to control catecholamine secretion in human, bovine, rat, mouse and cat chromaffin cells independently of the kind of stimulus used (KCl-and ACh-induced depolarization, electrical field stimulation, voltage step depolarizations and action potential trains), type of technique (capacitance changes, amperometry, chemical, radioactive and optical detections) and type of cell preparation (cultured cells, adrenal gland slices or intact perfused adrenal gland). Here we will focus on the most relevant findings related to the role that L-type channels play in the release of catecholamine considering the limitations that a particular methodology used may introduce in detecting the secretion.
Looking carefully at all the data reported on Ca 2+ channels-secretion coupling [11] appears evident that whenever are used "strong stimuli" (prolonged depolarization with high KCl solutions, sustained applications of ACh or repeated strong depolarizations), the contribution of L-type channels to secretion overwhelms the proportion of Ca 2+ currents that these channels control in each cell preparation. L-type channels predominate the secretion despite their contribution to the total current in single cell experiments is partial or very small, as in the case of BCCs [73, 74] . A dominance of L-type channel-mediated secretion is thus reported in bovine [4, [75] [76] [77] , mouse [78, 79] , rat [9, 10, 80, 81] and cat chromaffin cells [82, 83] more or less independently of whether intact adrenal glands or cultured chromaffin cells are used. The reason for this general finding is that during prolonged depolarization (far from physiological conditions) L-type channels are probably more favored because of their slower time-dependent inactivation and lower steady-state inactivation with respect to the other HVA channels (P/Q, N and R), which inactivate more rapidly and completely during prolonged stimuli. However, when evaluated under voltage-clamp conditions using capacitance changes on single cells, the contribution of L-type channels appear reduced and strictly proportional to the quantity of Ca 2+ charges carried. Compared to the others (N, P/Q and R), the Ltype channel has the same Ca 2+ -efficiency and contributes proportionally to their density of expression on the plasma membrane. These effects are observed in bovine [84] [85] [86] , rat [80, 81] and mouse [79] chromaffin cells with the exception of adrenal mouse slices in which secretion appears predominated by R-type channels [87] . Thus, most of the available data favor the idea that unlike presynaptic terminals in which N and P/Q-type channels are highly co-localized to the active zone of neurotransmitter release, in chromaffin cells there is no preferential co-localization of any particular Ca 2+ channel type. In chromaffin cells the maximal rate of vesicle release is estimated around 500 vesicles/s [88, 89] while in presynaptic terminals the rate of release can be as high as 300 vesicles/ms [90] . These different functional conditions demand for markedly different geometrical arrangements of secretory vesicles and Ca 2+ channels for the two systems. In one case, the rapid rise of Ca 2+ near the presynaptic active zone is achieved through a high co-localization of vesicles and Ca 2+ channels. Alternatively, in the case of chromaffin cells, the slower rise of Ca 2+ near the secretory granules is achieved through a homogeneous distribution of Ca 2+ channels located at some distance from the secretory zone.
Ca 2+ channels-secretion coupling in chromaffin cells
A generally accepted model of Ca 2+ channels and vesicle distribution in chromaffin cells assumes that vesicles are colocalized in microscopic domains distributed all over the cell with Ca 2+ channels uniformly distributed [42] and located at an average distance of 200 nm, i.e., at a distance comparable to the vesicle size [91] , (Klinghauf-Neher model). According to this model all Ca 2+ channel types are more or less uniformly distributed at the secretory sites and contribute to secretion proportionally to their density of expression. Secretion is strictly dependent on the quantity of Ca 2+ charge entering the cells independently of the type of channel open, length of pulse and voltage amplitude producing the current [84] . This applies also to the T-type channels that are recruited during long-term incubations with cAMP [89] or chronic exposure to hypoxic conditions (Carabelli et al., unpublished observation) . A rigorous comparison of T-and L-type channel properties shows that, although operating at different potentials and with different voltage-sensitivity, the two channels possess otherwise similar Ca 2+ -dependence of exocytosis, size of the immediately releasable pool and mobilize vesicles of the same quantal size. Thus, T-and L-type channels are coupled with the same Ca 2+ -efficiency to the secretory apparatus and deplete the immediately releasable pool with the same rate of release [92, 93] .
If the Klinghauf-Neher model explains most of the data obtained with capacitance changes using square pulse commands, some data escape this rule [87] and there is also evidence of Ca 2+ channels co-localization with vesicle secretion, which require consideration (see [11] for a detailed review on the subject). In addition, there are critical issues that are not yet properly considered and that deserve particular attention. One among the many is the shape of the stimuli used in the capacitance technique, which can be critical to identify the role of each channel type. Chan et al. [79] have recently reported that in mouse adrenal slices, the contribution of HVA channels to total secretion changes remarkably if square pulses or action potential-like stimuli are used. In the first case the L-type channels seem to predominate while in the second case the P/Q-types appear as the main channels controlling secretion. The reason for this is attributed to the different gating properties of the two channels rather than to a specific co-localization of one type with respect to the other. P/Q-type channels activate more quickly during a brief action potential clamp and thus reach peak currents sooner than more slowly activating L-type currents. This is significantly different from applying long square pulse of 50-100 ms in which all channels open and reach steady state values of currents at time intervals that are far beyond the physiological range. The work of Chan et al., however makes use of mocked action potentials made with rising and falling ramp waves, which are different from the real time course of spontaneous action potentials recorded from autorythmic chromaffin cells (see Fig. 4b ). This may cause some alteration to the overall Ca 2+ currents contributing to secretion. For instance a slow depolarizing phase of 200-300 ms from −50 to −35 mV preceding the fast action potential is capable of driving significant amount of Ca 2+ ions through L-type channels, which therefore will contribute critically to the secretion of catecholamine. The type and shape of the stimulus is so critical that trains of increasing frequency may recover functional L-type channels to a state of enhanced stimulus-secretion efficiency in mouse adrenal slices [94] .
It is thus very important that future approaches focusing on the role of different Ca 2+ channels play in the control of catecholamine secretion make use of biological preparations and type of stimulus that are as much as possible close to the physiological conditions, mimicking resting as well as sustained activity of the adrenal gland.
Conclusions
The importance of L-type channels in the control of chromaffin cell excitability and catecholamine secretion is now well documented and increases progressively meanwhile new experiments become available. The contribution of L-type channels appears critical in the control of action poten-tials frequency in spontaneously firing cells and this may result in an even more critical role in the overall control of catecholamine secretion. L-type channels are also effectively modulated by the same neurotransmitters released by chromaffin cells (autocrine modulation). This creates a further degree of complication but open-up interesting lines of research directed to the distinct involvement of multiple Ltype channel isoforms (Cav1.2 and Cav1.3), which hopefully could be solved by using knockout and mutated mice for the two channel isoforms. Concerning the coupling of L-type channel to secretory vesicles, at present there are no specific requirements for having L-type or any other Ca 2+ channels strictly co-localized to the secretory sites but improved measurements of Ca 2+ currents and secretion will help clarifying better also this issue.
